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Dynamic  modeling  of  post-combustion  CO2 capture  has  gained  increasing  attention  the  recent  years.  One
of the  main  motivations  behind  this  drive  is the  current  limited  knowledge  of  the  operational  ﬂexibility  of
carbon  capture  units  integrated  with  power  stations.  The  present  work  presents  an  evaluation  of  various
ﬂexible  operating  modes  through  dynamic  simulations  of the  Brindisi  CO2 capture  pilot  plant  using the
K-Spice® general  simulation  tool.  The  evaluated  modes  are;  load  following,  exhaust  gas  venting,  varying
solvent  regeneration  and  solvent  storage.  Solvent  storage  gives  a large  potential  for ﬂexible  operation
with  the possibility  of maintaining  90%  instantaneous  CO2 capture  rate  over the  whole  24 h simulatedrocess dynamics
perational ﬂexibility
ynamic simulation
period.  Two  large  solvent  storage  tanks  are  however  required  as  part  of the  process  conﬁguration  in  order
to realize  ﬂexible  operation  by  solvent  storage.  Exhaust  gas  venting  and  varying  solvent  regeneration
does  not  require  any  additional  process  installations  or modiﬁcation,  but  their  potential  is  limited  by  the
maximum  CO2 capture  capacity  during  off-peak  electricity  price  periods  in  order  to reach  a  time  average
CO2 capture  rate  of 90%.  Exhaust  gas  venting  seems  to be  the  favorable  option  of the  latter  two.
©  2015  The  Authors.  Published  by Elsevier  Ltd.  This  is an  open  access  article  under  the  CC  BY-NC-ND. Introduction
Carbon capture and storage (CCS) has the potential to signif-
cantly reduce the amount of CO2 emitted from fossil fuel ﬁred
ower plants. However, the operation of carbon capture units
equires steam extraction from the power station steam cycle in
rder to regenerate the solvent. Power plant steam extraction will
long with electricity for operation of ﬂue gas blowers, solvent
umps and CO2 compressors reduce the net electrical output of the
ower station and thereby decrease its proﬁt. The total efﬁciency
eduction related to CO2 capture is estimated to 8.6–9.2 percentage
oints for coal ﬁred power plants (Davison, 2006), where steam for
olvent regeneration accounts for up to 2/3 of the overall energy
enalty (Chalmers et al., 2009). Optimal operation of the carbon
apture unit is therefore an absolute necessity in order to minimize
he power plant energy penalty related to carbon capture.
The power station might undergo frequent load changes accord-
ng to a shifting energy demand. The electricity market may  also
ary quite signiﬁcantly during a day, week, season or year, which
otivates ﬂexible operation of the carbon capture unit as an
∗ Corresponding author.
E-mail addresses: enaasen@ntnu.no (N.E. Flø), hanne.kvamsdal@sintef.no
H.M. Kvamsdal), magne.hillestad@ntnu.no (M.  Hillestad).
ttp://dx.doi.org/10.1016/j.ijggc.2015.11.006
750-5836/© 2015 The Authors. Published by Elsevier Ltd. This is an open access article unlicense  (http://creativecommons.org/licenses/by-nc-nd/4.0/).
attempt to reduce the time average energy penalty. By applying
ﬂexible CO2 capture, the instantaneous CO2 capture rate can be
manipulated to maximize operating proﬁts based on the trade-off
between CO2 emission cost and the current electricity price.
The knowledge on ﬂexible operation of CCS is quite limited
due to the lack of large-scale experimental experience with such
processes. This has therefore been one of the main motivations
behind the increasing degree of dynamic process model develop-
ment the recent years. A recent review by Bui et al. (2015) gives
an overview of the work on dynamic modeling and simulation of
the post-combustion CO2 absorption process. The authors high-
light that dynamic model validation is needed to ensure model
reliability both at steady state conditions and in transient mode,
which has also been emphasized by other authors (Chikukwa et al.,
2012; Biliyok et al., 2012). However, lack of dynamic data for proper
model validation has remained problematic. Further, utilization of
the dynamic models for simulation of relevant ﬂexible operating
modes is barely demonstrated in the literature, and this is one of
the main suggestions for future work by Bui et al. (2015).
Besides techno-economic studies like Chalmers et al. (2012)
and Cohen et al. (2010) the published material on operational
ﬂexibility is in general scarce. Techno-economic evaluations are
useful in understanding the overall costs and beneﬁts of realizing
CCS, and thus highlight the overall plant performance indica-
tors. Recent studies also consider possible improvements with
der the CC BY-NC-ND license (http://creativecommons.org/licenses/by-nc-nd/4.0/).
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exible operation by exploiting the variations in electricity demand
nd prices (Wiley et al., 2011; Chalmers et al., 2012; Cohen et al.,
010). However, such analyses typically ignore operating dynam-
cs and transient performance of the CCS plant. For instance it
s suggested that the capture unit can be completely switch off
uring peak electricity price periods, and later switch on when
rices are normalized in a cyclic manner (Wiley et al., 2011; Cohen
t al., 2010). However, simulations of frequent process start-ups
nd shut downs and analysis of the related system response times
re barely reported in the literature. On/off operation of the car-
on capture regeneration section may  be challenging in practice,
specially when performed in a frequent manner. In the paper by
angiaracina et al. (2014) on/off operation is demonstrated as part
f a pilot plant campaign considering ﬂexibility in the Brindisi pilot
lant. The results show in fact that signiﬁcant time is required for
he regeneration part of the process to re-pressurize and stabilize
fter start-up.
Garðarsdóttir et al. (2015) applied a dynamic amine-based CO2
apture model to investigate the transient behavior of the absorp-
ion process during power plant load changes. Part load and peak
oad operation were simulated in the study, and various control
trategies were evaluated. Controlling the solvent ﬂow rate and
team ﬂow rate to the reboiler in order to maintain constant L/G
nd lean loading was concluded to improve the CO2 capture efﬁ-
iency at part load operation. The authors also concluded that the
esponse time of the system was generally lower in the cases where
he solvent ﬂow rate was controlled.
Lin et al. (2012) introduced a new strategy for ﬂexible operation
uring peak electricity price periods allowing constant hydraulic
onditions in the absorber and desorber columns at all times.
nstead of varying both the lean solvent ﬂow rate and reboiler duty,
he authors proposed a strategy with constant lean solvent ﬂow rate
nd varying lean solvent loading. The gas ﬂow through the stripper
as naturally changed as the reboiler duty was increased during
ff-peak electricity price periods. However, by recirculating part
f the produced CO2 to the bottom of the desorber, the authors
laimed to stabilize the desorber hydraulics and keep constant
/G at all times. This strategy was compared to the conventional
trategy of varying lean solvent ﬂow, and satisfying results with
espect to CO2 capture performance was presented. However, the
uthors did not demonstrate any operational challenges for the
onventional strategy of varying lean solvent ﬂow rate for the sim-
lated case, nor was energy performance calculations included in
he study, as one would expect a higher energy consumption to
aintain the desired capture rate at suboptimal conditions (higher
ean loadings).
Mac  Dowell and Shah (2015) performed a thorough technical
imulation and economical optimization study of four various ﬂex-
ble operating modes for a super-critical coal-ﬁred power plant
ntegrated with an amine-based CO2 capture process. The capture
odel includes dynamic unit models for packed column, absorber
ump, reboiler and condenser. A steady state power plant model
ith varying efﬁciency based on load factor and a steam cycle
odel that estimates the available steam at each operating point
as also developed. This allows optimization of the integrated
ower generation process with CCS. However, the CO2 capture
lant model was not validated against dynamic experimental data.
ased on the simulations, the authors were able to suggest the opti-
al  operating mode for a speciﬁc multi-period case based on a short
un marginal cost proﬁtability perspective.
In the present work a dynamic process model developed in K-
pice® general simulation tool is used to evaluate various ﬂexible
perating modes from an operational and dynamic performance
erspective. The model is previously validated against dynamic
ilot plant data from the Brindisi pilot plant. The validation study is
resented in Enaasen et al. (2014) and proves that the model is ablehouse Gas Control 48 (2016) 204–215 205
to predict satisfying transient behavior when step changes in ﬂue
gas ﬂow rate, solvent ﬂow rate and reboiler duty are superimposed
to the system at steady state.
The operating mode of on/off regeneration and solvent storage
was tested experimentally in the Brindisi pilot plant as part of a
campaign on ﬂexibility within the OCTAVIUS project (Mangiaracina
et al., 2014). However, by performing dynamic simulations using
the K-Spice model, additional ﬂexible operating modes are inves-
tigated. Based on simple basic control of solvent ﬂow rate and
reboiler duty, possible daily operation plans are suggested with the
objective of reducing the time average energy penalty for solvent
regeneration, while maintaining close to 90% time average CO2 cap-
ture rate. The present paper presents dynamic simulation results
and performance data using four various modes of ﬂexible oper-
ation according to hypothetical variations in electricity demand
and prices. The main focus of these simulations is on operational
performance. Economic analyses are not conducted, however, the
possible steam savings during electricity price intensive periods is
evaluated, which gives an indication of the potential of the various
ﬂexible operating modes.
2. Flexible operating modes
The key motivation for ﬂexible operation of power plants is
related to variations in the electricity demand and price market.
In the case of varying electricity generation, the power station will
operate at varying loads, which the carbon capture plant will need
to follow. This type of operation is referred to as load following. A
hypothetical scenario where the power station is ramped down to
70% load during 3 h at night time according to Fig. 1(a) is studied
in the present work. The load change is done gradually, where the
ramping down is started at 10 p.m., 70% load is reached at 2 a.m.
and continued until 5 a.m. Ramping up is started at 5 a.m., reaching
full load again at 7 a.m. in the morning.
In the case of varying electricity prices, ﬂexible operation of
the capture unit might be beneﬁcial in order to manipulate the
economic penalty of carbon capture. During peak electricity price
periods it could be economical to utilize more steam on power
generation and less on carbon capture, while spending more on
CCS during off-peak electricity price periods. In this case a power
plant operating at full load is considered, while the capture plant is
ramped up and down according to a hypothetical daily electricity
price proﬁle as illustrated in Fig. 1(b). The simulated ramping rate
is in this case 2%/min, and the electricity price intensive periods
lasts for 3 h in the evening and 2 h in the morning.
Three different operating modes are considered in the varying
electricity price scenario in order to assess the potential of increas-
ing the overall proﬁt of the process. In the following simulations,
a constant total amount of steam for regeneration is provided in
all the three cases. However, the distribution in time is varied in
order to reduce the steam consumption in electricity price intensive
periods. The following modes are considered:
• Exhaust gas venting, where a fraction of the power station
exhaust gas is vented during peak electricity price periods, allow-
ing an instantaneous CO2 capture rate below 90%. The CO2
capture plant is ramped down to part load operation during these
hours. The CO2 capture must catch up during off-peak periods by
operating the plant at conditions which increases the instanta-
neous capture rate above 90%, in order to maintain a time average
capture rate of 90% during a 24 h operation time.• Varying degree of solvent regeneration, where the steam rate
utilized for solvent regeneration is decreased during peak elec-
tricity price periods. CO2 is allowed to accumulate in the solvent
during these hours, while the solvent will be regenerated more
206 N.E. Flø et al. / International Journal of Greenhouse Gas Control 48 (2016) 204–215
Table 1
Flexible operating modes.
Load following Exhaust gas venting Varying solvent regeneration Solvent storage
Flue gas rate Variable Variable 100% 100%
Lean  solvent rate Variable Variable 100% 100%
Rich  solvent rate – – – Variable
Steam rate Variable Variable Variable Variable
Lean  CO2 loading Constant Constant Variable Constant
CO2 capture rate Constant Variable Variable Constant
Produced CO2 Variable Variable Variable Variable
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Fig. 4.
The absorber and desorber columns are modeled as packed sec-
tions. Thermodynamic calculations are based on table look-ups
that provide required information about the phase equilibrium. An
Table 2
Brindisi pilot plant – key performance indicators (Mangiaracina et al., 2014).
Flue gas ﬂow rate 10,000 Nm3/h
CO2 inlet concentration 11–12 vol%
Solvent ﬂow rate 30 m3/hFig. 1. Motivation fo
thoroughly when the electricity price normalizes. The instanta-
neous CO2 capture rate will decrease below 90% during peak price
periods, which means that the steam rate must be increased dur-
ing off-peak periods to maintain a 24 h average capture rate of
90%.
Solvent storage, where a rich solvent tank is utilized to store frac-
tions of the rich solvent during peak electricity price periods,
while regenerating at a later stage when electricity is less expen-
sive. This operating mode will also require a lean solvent tank
to store the excess regenerated solvent which will be utilized in
peak electricity price periods.
Details about the load following mode and the three other ﬂex-
ble modes of operation related to variations in the electricity price
arket are presented in Table 1 and Figs. 2 and 3.
As seen in Fig. 2, the load following mode has proportionally
ariable ﬂue gas ﬂow rate, solvent ﬂow rate and steam rate. It is
xpected that the rate of produced CO2 will follow the load, and
he capture rate and lean and rich loadings will remain more or
ess constant. The mode of exhaust gas venting presented in Fig. 3(a)
ill have a variable ﬂue gas ﬂow rate, solvent ﬂow rate and steam
ow rate. It is expected that the lean and rich CO2 loadings will
emain more or less constant, but the instantaneous CO2 capture
ate will depend on the vent fraction. It will be less than 90% in
eak electricity price periods, and consequently higher than 90%
n off-peak electricity price periods in order to obtain a 24 h aver-
ge capture rate of 90%. The rate of produced CO2 will follow the
apture rate. The mode of varying solvent regeneration presented
n Fig. 3(b) will have constant ﬂue gas and solvent ﬂow rates. Only
he steam rate to the reboiler will be varied, and consequently the
ean and rich CO2 loadings will vary. This will keep the absorber
ydraulics constant. It is expected that the instantaneous CO2 cap-
ure rate and rate of produced CO2 will follow the steam rate. The
ode of solvent storage presented in Fig. 3(c) will have constant
ue gas and lean solvent ﬂow rates. The rich solvent ﬂow rate and
team rate to the reboiler will however vary. It is expected that the
ean and rich CO2 loadings will remain constant along with the CO2
apture rate. The rate of produced CO2 will however vary according
o the steam rate, and is therefore decoupled from the CO2 capture
ate.le operating modes.
3. Dynamic process model
The Brindisi pilot plant is used as basis for the dynamic process
model developed in K-Spice® general simulation tool. The details
of the Brindisi pilot plant is described in Mangiaracina et al. (2014)
and Flø(2015) and the K-Spice model is presented in Enaasen et al.
(2014) and Flø(2015). Only a short summary is included in the
present paper.
The Brindisi pilot plant is a fully instrumented relatively large
post-combustion CO2 absorption pilot plant based on amines that
has been realized by ENEL in Brindisi, Italy. It is attached to a full
scale coal-ﬁred power plant operated by ENEL. The capture plant
is designed for 10,000 Nm3/h exhaust gas (which corresponds to
about 0.45% of the total 660 MW power plant exhaust gas), cap-
turing about 2000 kg/h of CO2. The pilot plant can handle ﬂue gas
ﬂow rates up to 12,000 Nm3/h and the maximum CO2 production
capacity is 2500 kg/h. The solvent ﬂow rate can be varied between
20 and 80 m3/h. Table 2 shows the nominal performance indica-
tors of the Brindisi pilot plant, and a ﬂow sheet is illustrated in
Fig. 4.
K-Spice® is an advanced dynamic process simulator devel-
oped by Kongsberg Oil & Gas Technologies which is designed for
simulations of oil and gas processes including natural gas treat-
ment. It has embedded a powerful library of process units such
as mixing tanks, heat exchangers, absorption column sections
as well as piping, pumps, valves etc. The library also contains
basic instrumentation and control units. This library is utilized to
deﬁne a process model based on the process ﬂow sheet given inAmine MEA
Solvent concentration 30 wt%
Steam ﬂow rate 2900 kg/h
CO2 production rate 2000 kg/h
N.E. Flø et al. / International Journal of Greenhouse Gas Control 48 (2016) 204–215 207
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dd-on reaction set module connected to each packing section
akes into account the effect of chemical reaction and mass transfer
ates. This module acts as a secondary look-up table for the CO2-
EA  equilibrium and provides all necessary information (solubility
ata, mass transfer rates and enhancement factor) in order to pre-
ict the mass interface ﬂux given the current process conditions,
ccording to the rate based approach for mass transfer calculation.
 table look-up for heat of reaction is also provided. The thermo-
ynamic method and the correlations used in the add-on reaction
et module are described in detail in Flø(2015).
The K-Spice model of the Brindisi pilot plant has also been vali-
ated against dynamic pilot plant data collected from the Brindisi
ilot plant as part of the Octavius project (Enaasen et al., 2014). The
imulation results show good transient agreement to the experi-
ental data, and it was concluded that the model is able to capture
he main process dynamics.
The Brindisi pilot plant has two large solvent storage tanks
PV-776/777), both situated at the lean solvent side of the pro-
ess. Due to the location of these tanks, the pilot plant is not
uited for a continuous solvent storage operating mode. Rich sol-
ent meant for storage has to be passed through the desorber to
each the storage tank, while it later for regeneration has to be
assed through the absorber to reach the stripper. Thus, the des-
rber has to be switch off for storing rich solvent, and likewise the
bsorber has to be switched off during regeneration of stored rich
olvent as described in Mangiaracina et al. (2014). For the purpose
f simulation of solvent storage in continuous mode, the model
s therefore extended with another storage tank for rich solvent,
quivalent to the lean solvent storage tanks (PV-776/777) illus-
rated in Fig. 4. The rich solvent storage tank is located between
he rich solvent pump (PC-561X) and the cross heat-exchanger
SC-629X).
. Simulation results
.1. Base case
A steady state base case of 90% capture rate at design-point con-
itions is established for reference. The conditions given in Table 3
orresponds to the optimal (square) point shown in Fig. 5 which
ives the minimum energy requirement of 3.68 MJ/kg CO2.
able 3
rindisi pilot plant – base case simulations.
Flue gas ﬂow rate 10,000 Nm3/h
CO2 inlet concentration 11.4 dry vol%
Solvent ﬂow rate 30 m3/h
MEA  concentration 30 wt%
Steam ﬂow rate 2941.6 kg/hoperation mode.
4.2. Load following
A scenario of load following capture plant operation according
to Fig. 1(a) is simulated using the K-Spice model. The solvent ﬂow
rate is in this case controlled proportionally according to the ﬂue
gas ﬂow rate and the steam ﬂow rate is controlled proportionally
according to the solvent ﬂow rate as illustrated in Fig. 2. The results
are presented in the following.
The instantaneous and time average CO2 capture rates are pre-
sented in Fig. 6(a). The time average CO2 capture rate is deﬁned as
the average capture rate over time calculated from simulation start
(midnight). The instantaneous CO2 capture rate maintains more or
less constant during the whole period, with a small increase during
part load operation. The 24 h average CO2 capture rate is therefore
90.2%. The slightly higher CO2 capture rate at part load operation is
caused by increased solvent residence time and thereby increased
heat transfer in the cross heat exchanger along with increased
solvent residence time in the absorber packing which results in
improved energy efﬁciency and higher absorption in the absorber,
respectively.
A slightly lower lean loading and higher rich loading is seen at
part load operation in Fig. 6(b). This is caused by increased heat
transfer in the cross heat exchanger (which results in lower lean
CO2 loading) and higher solvent residence time in the absorber col-
umn  (which gives higher rich CO2 loading). The instantaneous CO2
capture rate is therefore increased during periods of part load oper-
ation as was  illustrated in Fig. 6(a). The produced CO2 illustrated in
Fig. 6(c) shows a response according to the amount of steam pro-
vided to the reboiler. The response is fast and the process is able to
stabilize at both part and full load operation.
The overall energy performance is illustrated in Fig. 6(d) and the
24 h average energy consumption is 3.67 MJ/kg CO2. This is slightly
lower than base case, which is caused by the slightly increased
capture rate during the period of part load operation.
4.3. Exhaust gas venting
Exhaust gas venting, where a fraction of the power station
exhaust gas is vented during peak electricity price periods, accord-
ing to Fig. 1(b) has the proposed production plan presented in
Fig. 3(a). A vent fraction of 24% is used in the simulations, which
means that the solvent ﬂow rate and reboiler duty also are reduced
by 24% in this period. In order to aim for a 90% time average capture
rate, the solvent ﬂow rate and reboiler duty are increased to 111%
when the electricity price normalizes and all the ﬂue gas (100%) is
directed through the absorber. The simulation results are presented
in Fig. 7.
The CO2 capture rate presented in Fig. 7(a) shows a 24 h average
of 89.5%, which is slightly lower than 90% due to partly off-design
operation in off-peak electricity price periods. Only small changes
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n lean and rich CO2 loadings are seen in Fig. 7(b). The rich loading
s slightly higher in peak hours due to part load absorber operation
hich causes increased solvent residence time in the packing.
The produced CO2 illustrated in Fig. 7(c) follows the amount
f steam provided to the reboiler. Small inverse responses are
bserved just at the time of change in reboiler duty. The des-
rber gas ﬂow changes instantaneously when the reboiler duty
s changed, and it takes some time before the desorber L/G
ill adjust. This does however not seem to cause operational
roblems.
The 24 h average energy consumption is 3.69 MJ/kg CO2 as indi-
ated in Fig. 7(d), which is only slightly higher than base case. Thevarying electricity price scenario.
total amount of steam saved during peak electricity price periods
is, however, 4950 kg which corresponds to 3107 kWh. This means
that 24% additional steam is available for generation of electricity
during peak electricity price periods. The total amount of steam
required during the whole 24 h period equals the amount required
in the base case, which means that a larger amount of steam is
required in off-peak electricity price periods.
Exhaust gas venting as a mode of ﬂexible operation seems to
work satisfactory and it is easy to conduct without process mod-
iﬁcations. The mode is, however, limited by the maximum CO2
capture rate at off-peak electricity price periods in order to reach a
time average CO2 capture rate of close to 90%.
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where 25% solvent is stored during peak electricity price periods.
The desorber load (rich solvent ﬂow rate and steam ﬂow rate to the
reboiler) is therefore increased to 112% in off-peak electricity price
periods in order to regenerate the excess rich solvent.
3
3.5
4
4.5
5
5.5
6
ne
rg
y 
pe
rf
or
m
an
ce
  [
M
J/
kg
 C
O
2]Fig. 4. A schematic overv
.4. Varying solvent regeneration
In the operating mode of varying degree of solvent regeneration,
nly the steam rate utilized for solvent regeneration is decreased
uring peak electricity price periods. This will keep the absorber
ydraulics constant. The production plan is illustrated in Fig. 3(b)
here the steam rate to the reboiler is decreased by 24% in elec-
ricity price intensive periods and increased to 111% when the
lectricity prices normalizes. The results are presented in the fol-
owing.
The 24 h average CO2 capture rate presented in Fig. 8(a) is 87.2%,
hus slightly lower than 90% due to partly off-design and partly
uboptimal operation (lower and higher lean loadings). Large vari-
tions in the lean loading is seen in Fig. 8(b), which causes slower
ynamic responses compared to the exhaust gas venting operating
ode. As seen in the ﬁgure, the mixing effects of the buffer tank
elays the response in lean loading.
The produced CO2 response shown in Fig. 8(c) is fast and fol-
ows the amount of steam provided to the reboiler. Small inverse
esponses are also seen in this case at the time of change in load.
The 24 h average energy consumption is 3.80 MJ/kg CO2, which
s higher than base case due to partly suboptimal operation (higher
ean loadings).
The total amount of steam saved during peak electricity price
eriods is 4950 kg which corresponds to 3107 kWh. This means that
he additional steam available for generation of electricity during
eak electricity price periods is 24%, as for the exhaust gas venting
ode. The total amount of steam required during the whole 24 h
eriod equals the amount required in the base case.
The mode of varying solvent regeneration seems to work well
nd is easy to conduct, however, as for ﬂue gas venting this methodf the Brindisi pilot plant.
is also limited by the maximum CO2 capture rate at off-peak elec-
tricity price periods in order to reach close to 90% capture rate in
average. The mode of exhaust gas venting performs slightly better
due to operation closer to optimum even at higher capture rates.
4.5. Solvent storage
In the operating mode of solvent storage, fractions of the rich
solvent is routed to a solvent storage tank during peak electricity
price periods, while it is regenerated at a later stage when the elec-
tricity is less expensive. The production plan is illustrated in Fig. 3(c)0 0. 05 0.1 0. 15 0.2 0. 25 0.3 0. 35E
Lean loading [mol CO2/mol MEA]
Fig. 5. Energy performance as function of operating point with 90% capture rate.
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The 24 h average CO2 capture rate presented in Fig. 9(a) is 90.1%.
he lean and rich CO2 loadings are kept more or less constant during
he whole simulation time as seen in Fig. 9(b). The produced CO2
esponse as shown in Fig. 9(c) is fast and follows the amount of
olvent and steam provided to the regeneration section, and the
4 h average energy consumption is 3.67 MJ/kg CO2.
The mode of solvent storage works very well. The capture
nd energy performances are equal or even slightly improved
ompared to base case. The total amount of steam saved during
eak electricity price periods is 5149 kg which corresponds to
232 kWh. This means that the additional steam available ford following operating mode.
generation of electricity during peak electricity price periods is
25%. However, two  large storage tanks are needed in order to
conduct this operation plan, and for 25% storage a total storage
volume of 2 × 50 m3 is required. Two  tanks of 60 m3 is utilized in
the present simulations (to provide some extra buffer), and the
time varying liquid levels of the two tanks are presented in Fig. 10.
The operating mode of solvent storage is only limited by the
solvent storage tanks capacity and regeneration section capacity
and ability to operate at part load. A larger storage fraction might be
utilized provided larger solvent storage tanks and operation within
the capacity limits of the regeneration section.
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tFig. 7. Simulation results of the
. Discussion
In the present work, various ﬂexible operating modes for the
rindisi CO2 capture pilot plant are assessed through dynamic
imulations using the K-Spice® general simulation tool. Part load
peration, where the power plant is operated at a lower load factor
or a given period of time and the capture plant is operated in a load
ollowing manner, is one of the modes that are evaluated. The sim-
lations prove that the process reacts fast to load changes and it is
ble to stabilize at both part and full load operation. A small increase
n the capture rate performance is seen during part load operation
hich is related to increased residence time and heat transfer in
he cross heat exchanger and increased solvent residence time inst gas venting operating mode.
the absorber, allowing lower lean loadings and higher rich loadings,
respectively.
Three other scenarios of ﬂexible operation are simulated with
the objective of reducing the steam consumption during elec-
tricity price intensive periods, while still aiming for 90% time
average capture rate. This will allow a larger amount of steam
for electricity generation during periods where it is more eco-
nomical. Only basic control of solvent ﬂow rate and reboiler
duty is utilized in the simulations, and no online optimization
of the dynamic behavior is performed. However, the poten-
tial of the three ﬂexible operating modes is demonstrated and
shows to be promising, as shown by the results summarized in
Table 4.
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ing so
r
i
f
T
SFig. 8. Simulation results of the vary
Solvent storage as a ﬂexible operating mode, shows satisfactory
esults for time average CO2 capture rate and energy performance
n a varying electricity market. The CO2 capture and energy per-
ormances are equal or even slightly improved compared to the
able 4
ummary of the ﬂexible operating modes for the varying electricity price scenario.
Operating mode 24 h time average capture rate 
Flue gas venting 89.5% 
Varying regeneration 87.2% 
Solvent storage 90.1% lvent regeneration operating mode.
base case. Solvent storage is also the only mode in the varying elec-
tricity price scenario which is able to keep the instantaneous CO2
capture rate above 90% at all times. Solvent storage as a ﬂexible
operating mode is however limited by the solvent storage tank
Steam savings during peak electricity price periods
kg steam % steam kWh
4950 24% 3107
4950 24% 3107
5149 25% 3232
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dFig. 9. Simulation results of t
apacity and the maximum capacity of the regeneration sections
nd its ability to operate at part load. Considerable investments are
lso required for solvent storage tanks and additional operating
olvent.
The modes of exhaust gas venting and varying solvent regener-
tion seem to work satisfactorily and are easy to conduct without
rocess modiﬁcations. However, these modes rely on the possibil-
ty of increased instantaneous CO2 capture rate above 90% during
eriods with favorable electricity prices in order to obtain a close
o 90% time average capture rate. The maximum capture rate in
he simulations of these operating modes is close to 98% where
he energy requirement for solvent regeneration starts to increase
ramatically as indicated in Fig. 11. Capturing close to 100% CO2 isent storage operating mode.
practically impossible, and the economical limit of the maximum
capture rate seems to be close to 98%.
For the operating mode of exhaust gas venting the lean CO2
loading stays more or less constant during the whole simulation
time; however, the absorber packing hold-up will be disturbed.
For varying degree of solvent regeneration, the absorber L/G
will remain constant, but the lean loading will vary over time.
The simulations indicate that the latter mode will give a larger
disturbance of the overall system, and slower dynamic responses,
requiring longer time for stabilization. Further, shifting hydraulic
conditions does not seem to cause any signiﬁcant operational
problems, as was  the main concern of Lin et al. (2012). The present
results coincide with the operational experience of the Brindisi
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iig. 11. Simulation of the energy performance as a function of CO2 capture rate for
he  Brindisi pilot plant using 30 wt% MEA.
ilot plant. In fact, operating at lower lean loadings may  cause
ther operational challenges like solvent ﬂashing in the cross heat
xchanger (Mangiaracina et al., 2014).
As previously mentioned, only basic control of solvent and
team ﬂow rates is applied in these simulations. However, as
een for the exhaust gas venting and varying regeneration oper-
ting modes, this may  lead to suboptimal conditions during
ff-design operation. The modes of ﬂue gas venting and vary-
ng solvent regeneration consequently does not manage to reach
he goal of 90% time average capture rate. However, by introduc-
ng process optimization, the mode of exhaust gas venting has
 good potential to reach a 90% average capture rate by allow-
ng just a small additional amount of steam to the reboiler in
ff-peak electricity price periods. This will slightly increase the
otal amount of steam utilized in the reboiler, but it may  still
e beneﬁcial for the overall economics of the integrated power
eneration and carbon capture unit. An advanced control system
ike model-predictive-control (MPC) will allow off-design opera-
ion to be performed more optimally and efﬁciently. In practice
 combination of the exhaust gas venting and varying solvent
egeneration mode could be the most optimal mode where both
he solvent ﬂow rate and steam rate to the reboiler are con-
rolled in order to set the optimal lean loading for the process
ccording to the given conditions and electricity price. Further,
t should be highlighted that only a simple predictive electric-
ty price scenario is considered in the present work, where the
olvent and steam ﬂow rates are set based on an operation
lan of relative proportional control. However, for a more real-
stic and complex scenario of electricity price variations, MPC
ill have clear beneﬁts in reaching possible operational proﬁt
mprovements.house Gas Control 48 (2016) 204–215
Operating the regeneration section in a cyclic on/off manner
as suggested by Cohen et al. (2010) may  lead to signiﬁcant
re-pressurization and stabilization time as described by
Mangiaracina et al. (2014). A more realistic approach will be
to only store part of the solvent and avoid complete shut-down of
the regeneration section. In the present simulations 25% solvent
storage was  evaluated, which requires an available storage volume
of 2 × 50 m3 for the simulated scenario. A scale-up to full size
capture plant connected to a 660 MW coal-ﬁred power plant
corresponds to 2 × 11,100 m3 of solvent capacity. The two  large
storage tanks and the additional amount of solvent required
entails extensive additional capital cost. The solvent storage option
should therefore be evaluated economically to give a fair basis
for comparison to the other suggested modes. This is, however,
outside the scope of the present study. However, when comparing
to the techno-economic evaluation of Mac  Dowell and Shah (2015)
for a similar power plant and storage capacity, a 4% improvement
in short run marginal cost proﬁtability was probable compared to
their base case scenario.
It should further be highlighted that the potential of the ﬂexible
operating modes depends highly on the limits of CO2 emissions and
the method for which emissions exceeding the limits are penal-
ized. The present simulation results and discussions assume that
the daily average CO2 emissions calculated from midnight are con-
sidered in the penalization, while the instantaneous CO2 capture
rate is considered in the paper by Mac  Dowell and Shah (2015).
Consequently, the modes of ﬂue gas venting and varying solvent
regeneration will quickly loose their potential when penalizing the
instantaneous emissions, since these operating modes rely on the
possibility of relaxing the instantaneous CO2 capture rate during
economic favorable periods. Exhaust gas venting proves, however,
to have great potential when the time average CO2 capture rate is
considered as shown in the present work. The formulation of CO2
emission regulations (instantaneous or time average) will therefore
be of great importance for the economic evaluation of the vari-
ous modes. Solvent storage is, however, the only operating mode
considered in the present study that has potential for steam sav-
ings while at the same time ensuring that the instantaneous CO2
emissions are minimized at all times.
Further, the simulations conducted in the present work are
based on a process model of one speciﬁc pilot plant. Other CO2
capture plants may  react differently due to different process con-
ﬁgurations and/or solvent inventories.
A ﬁnal remark should be devoted to the downstream processes.
It is still unclear how the downstream processes, that is the CO2
compression, transportation and storage part of the chain, will per-
form during varying CO2 production rate. The power plant LP steam
turbine must also be designed for varying loads and enable vari-
able delivery of steam to the reboiler according to the operation
plan. These issues should be assessed in order to get a full overview
of the potential for overall proﬁt improvements for ﬂexible
operation.
6. Conclusion
The present work presents an evaluation of various ﬂexible
operating modes through dynamic simulations using the K-Spice®
general simulation tool. Simulations of load following operation
show that the process reacts fast to load changes and it is able to
stabilize at both part and full load operation. These simulations
also provide a strong basis for further studies of CCS plant oper-
ations, such as plant start-up and shutdown. Solvent storage as a
ﬂexible operating mode gives satisfactory results for time average
CO2 capture rate and energy performance in a varying electric-
ity market. However, considerable investments are required for
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combustion CO2 capture at the Brindisi pilot plant. Energy Procedia 63,
1617–1636.N.E. Flø et al. / International Journal of
olvent storage tanks and additional operating solvent. The modes
f exhaust gas venting and varying solvent regeneration are able
o operate without any process modiﬁcations, but are on the other
and limited by the maximum CO2 capture rate during off-peak
lectricity price periods in order to reach a time average capture
ate of 90%. Exhaust gas venting seems to give favorable time aver-
ge CO2 capture rate and energy performance indicators compared
o the mode of varying solvent regeneration.
Recently, there has been an increasing focus on mapping the
otential of ﬂexible capture plant operation. Both technical and
conomical assessments are available in the literature. However,
t is still not clear how the CO2 compression, transportation and
torage part of the process chain will perform during varying CO2
roduction rate. This issue must be assessed in future studies in
rder to obtain a full overview of the potential for proﬁt improve-
ents during ﬂexible operation.
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